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CAPTURE RATE AS A FUNCTION OF SCHOOL SIZE IN OFFSHORE
SPOTTED DOLPHINS IN THE EASTERN TROPICAL PACIFIC OCEAN

Abstract

The frequency with which northeastern offshore spotted dolphins (Stenella attenuata) experi-
ence chase and capture by tuna purse-seiners in the eastern topical Pacific Ocean (ETP) was esti-
mated by comparing dolphin school size frequencies insighting data, taken from research vessel
observerrecords,with dolphinschoolsizefrequenciesin setdata,takenfrom tunavesselobserver
records. The objective of the study was to provide a preliminary basis for estimating stock-wide
effects of (yet-to-be-measured) fishery-induced stress in these dolphins.

Our analyses indicate two major characteristics about the relationship between school size and
the frequency with which dolphins in this stock experience chase and capture by tuna purse-
seiners: first, that capture frequency increases rapidly with increasing school size, and second,
that approximately half of the stock at any given time occurs in schools smaller than those appar-
ently preferred by purse-seiners. Our results imply that if individual dolphins have a preference
for associating with schools of a particular size, then individuals who associate primarily with
largeschoolswouldbesubjectedto chaseandcapturemuchmoreoftenthanthosewhoassociate
with small schools. However, because the largest schools are relatively rare and account for a
smallproportionof individuals,themajorityof dolphinsin thestockexperiencewould relatively
few capturesperyear,althoughsomewouldexperienceaveryhighrate. It is notknownwhether
dolphinsdoindeedexhibitsuchapreference,or if insteadindividualsassociatewith schoolsfrom
a wide range of sizes at different times.

Our estimate of the capture frequency for schools of size 1000 is 36.1 sets per year, or one set
every 10 days, compared to well under once a year for schools of 100 animals. Our estimate of
capture frequency for the median school size set on (560 animals) was 10.1 sets per year, or just
under once per month.

Schoolsof 1000or moredolphinsareestimatedto includelessthanonetenthof thetotal stock
of northeastern offshore spotted dolphins, and are estimated to be set on approximately once a
week each on average. Schools set on most often by tuna purse-seiners, containing from about
250to 500dolphins,compriselessthananestimatedonethird of thestockandareestimatedto be
setonbetween2 and8 timeseachperyearonaverage.An estimatedonehalf of northeasternoff-
shore spotted dolphins occur in schools smaller than 250 animals; schools of this size are esti-
mated to be set on less than twice per year each.
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1.  Introduction

Tuna fishermen in the eastern tropical Pacific Ocean (ETP) commonly catch large yellowfin
tunaby first visually locatingaschoolof dolphinsandthensurroundingit with alargepurse-seine
net in order to capture large yellowfin tuna (Thunnus albacares) that are often closely associated
with dolphinschoolsin theETP. Thedolphinsarereleasedfrom thenet,andthetunaareloaded
aboard(NRC,1992). Thismethod,knownas“fishing ondolphin”, hashistoricallybeenasignif-
icantcauseof dolphinmortality (NRC,1992)buthasalsorecentlybeensuggestedasasignificant
causeof fishery-relatedphysiologicalstressin thedolphinsinvolved,perhapsto thepointof caus-
ing unobserved mortality or changes in reproductive success (e.g., Myrick and Perkins, 1995).

While it has not been possible to measure physiological stress directly in these dolphins, it is
possible to use existing data to estimate how often an animal may experience chase and capture.
While not a direct measure of stress, capture frequency provides at least a rough measure of the
amount of fishery-induced disturbance that the dolphins affected by the ETP tuna fishery are
experiencing. In this report, we describe methods developed to estimate capture frequency and
discusstheimplicationsof theestimatesfor fishery-relatedstressin theanimals.Weconcentrate
on thenortheasternoffshorestockof thespotteddolphin(Stenellaattenuata) (Dizonetal., 1992;
Figure1), the dolphin species most commonly associated with tuna and historically most often
used in fishing on dolphin (greater than 70% of dolphin sets annually for about the last 30 years
(e.g., IATTC, 1990)).

A simple calculation (see Section 4.3) leads to a rough estimate for the mean number of times
an individual dolphin is set on per year of (# dolphins set on) / (# dolphins)≈ 8 times per year.
However, simply knowing the overall average rate of capture is not sufficient to evaluate the
potential stress effects on individuals because the rate for different animals may vary widely,
dependingonanumberof factorsincludingschoolsize,geographiclocation,timeof year,andthe
amountof associatedtuna. In thispaper,weinvestigatetheeffectsof oneof theseinterdependent
factors. Specifically,weshowthatlargedolphinschools(morethanseveralhundredanimals)are
muchmorelikely to becapturedthanaresmallschools(lessthanahundredanimals)becauseof a
strongtendencyfor ETPpurse-seinefishermento concentratetheireffort onlargerschools,which
tend to carry more tuna, and to virtually ignore smaller ones. However, this result does not
directly give the capture rate for an individual dolphin, because animals may associate with
schools of different sizes at different times.

To infer capture rates for individual animals, one must make assumptions about the dynamics
of dolphin school size and membership. At one extreme, if school membership is completely
fluid and individuals have no preference for schools of a particular size, all individuals will expe-
rience the same amount of interference in the long run (other factors being equal). At the other
extreme, if school membership is completely static and dolphins always remain with the same
school, dolphins in small schools can be expected to experience little interference from the fish-
ery,while thosein largeschoolscanbeexpectedto experiencemuchmoreinterference.Thetrue
situation for a given animal depends on the range of school sizes with which that animal associ-
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ates, however, little is known about the fidelity of individual dolphins to specific schools or to
schools of a particular size. In the absence of such knowledge, our main result in this report can
beusedto relateapreferencefor acharacteristicschoolsizeto arateof capturein thepurse-seine
fishery. While more specific information about an individual dolphin’s rate of capture is obvi-
ously desirable, the results presented here provide a preliminary basis on which to assess the fre-
quency of fishery-induced stress in northeastern offshore spotted dolphins.

In thisanalysis,weattemptto quantifythetendencyfor purse-seinersto seton largeschoolsby
comparing the relative frequency with which different sizes of schools are selected by fishermen
for encirclementwith therelativefrequencywith whichschoolsof varioussizesoccurnaturally.
First, we estimate the probability distribution of sizes for dolphin schools within the geographic
boundaries of the northeastern offshore stock (Figure1), using observations from research
vessels. This distribution models the relative number of schools of each size in the study area.
Then we fit a smooth probability distribution to dolphin school sizes from tuna vessel sets. This
distributionmodelstherelativenumberof timesschoolsof eachsizewereseton. Finally, weuse
theratioof thetwo estimateddensityfunctions,suitablyscaled,to estimatetheaveragenumberof
timesperyearadolphinschoolof agivensizewasseton. Thisestimatedeffectincludesnotonly
the tendency of fishermen to preferentially set on larger schools, but also any tendency to search
in areas where large schools may be more prevalent. We do not investigate factors other than
school size which affect a dolphin’s rate of capture, such as the amount of tuna associated with a
school.

Thenextsectionof this reportsummarizestheresearchvesselsightingdata,thetunavesselset
data, and data collection methods. The third section details the statistical methods we used for
estimation. The fourth section describes our results for the northeastern offshore stock. Finally,
the last section discusses our assumptions and conclusions for the analysis.

2.  Data

2.1  Research vessel sighting data
In 1986, the U.S. National Marine Fisheries Service (NMFS) initiated a multi-year research

programto monitortrendsin theabundanceof dolphinpopulationsin theeasterntropicalPacific
Ocean (ETP). The program used National Oceanic and Atmospheric Administration (NOAA)
researchvesselsto surveytheETPfor severalmonthsoutof eachyearandrecordsightingsof all
cetaceansencountered(WadeandGerrodette,1993). Researchvesselobserversrecorded,among
other data, estimates of the size and species composition of each school that was sighted.

Theresearchvesseldatausedin thisstudyconsistedof dolphinschoolsightingsfrom the1986-
90 and 1992-93 marine mammal surveys (Table1, page3).  These seven surveys each occurred
between late July and early December, and were carried out with teams of trained shipboard
observers using 25x binoculars. We refer to the period between 28 July and 10 December as the
“studyperiod”. Thesurveymethodsweredesignedto beassimilaraspossibleacrossyears.For
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detailed descriptions of the survey design, materials, and methods, see Holt et al. (1987), Hill et
al. (1991), and Mangels and Gerrodette (1994).

During the first five surveys, the vessels traversed predetermined tracklines, where the place-
ment was random within the constraints of even coverage within geographic strata and of vessel
logistics. Searcheffort spannedtheentireETP,with 44%of the135,300kmof totalsearcheffort1

within the stock boundaries of the northeastern offshore spotted dolphin. In designing these sur-
veys,Holt etal. (1987)partitionedtheETPinto severalstrata,basedprimarily onspotteddolphin
density as observed from tuna vessels during the years prior to the surveys. Their survey design
allocated search effort to each stratum based on these rough estimates of relative density, such
that strata with greater apparent dolphin density received greater effort per unit area.

In thelasttwo surveys,thevesselstraversedsystematicallyplacedtracklines,whereplacement
wasrandomwith respectto thedolphinpopulations.Searcheffort wasprimarily directedtowards
coastalETPregionsandapproximately55%of the34,080kmof totalsearcheffort waswithin the
stock boundaries of the northeastern offshore spotted dolphin.

We used only those legs of search effort that were within the northeastern offshore stock
boundaries (Figure1), for which observers were actively searching (“on-effort”), and for which
Beaufort sea state was 5 or below. We excluded sightings further than 5.5km from the trackline
because school size estimates were generally unreliable for such distant schools. We used sight-
ings of schools that included offshore spotted dolphins, plus a small number of schools recorded
as “unidentified spotted dolphin”. These latter schools were assumed to be primarily from the

Table 1.  Summary of research vessel data by year and stratum. Search effort is defined as
the distance travelled along the trackline with observers actively searching, with a sea state
of Beaufort 5 or less. Sighting rate is definedasthe number of northeastern offshorespotted
dolphin schoolssightedon-effort, within 5.5kmof the ship’s trackline, per 1000kmof search
effort.  Middle and inshore strata as defined in Figure1.

Inshore stratum Middle stratum

Year Search effort (km) Sighting rate Search effort (km) Sighting rate

1986 9259.6 6.26 3456.8 4.92

1987 8522.8 7.27 4322.1 5.09

1988 6302.6 6.98 3371.3 3.26

1989 8375.1 9.67 3995.9 4.00

1990 7035.8 8.10 4744.1 3.79

1992 10189.0 5.99 0.0 —

1993 7952.7 6.29 584.4 3.42

1) Defined as total distance traversed with observers actively searching and sea state of Beaufort 5 or less.
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offshorestockratherthanfrom thecoastalstock. Weusedatotalof 499researchvesselsightings
in this study.

For each dolphin school sighting, observers recorded, among other data, an estimate of the
school’s radial distance and relative bearing from the ship, which were transformed into an esti-
mated perpendicular distance from the ship’s trackline. Schools closer than 5.5km from the
trackline were routinely approached to confirm species identification and to make estimates of
school size. Typically, three observers estimated school size independently for each sighting.
There were 16 sightings for which the observers were not able to make reliable estimates of
school size, but, based on estimates of minimum school size, these did not appear to be biased in
terms of school size or perpendicular distance with respect to the full data set. Therefore, we
excludedthose16sightingsfrom our line transectestimatesof effectivesearchwidth andouresti-
mates of school size distribution, but included them in the sighting counts used to scale our esti-
mates of capture frequency (see Methods).

Dolphinschoolsightingsaremadefrom visualcluessuchassurfacedisturbancesor associated
bird flocks. Larger schools in general provide a more visible target, thus, large schools are more
likely to be seen at long distances than are small schools. Therefore, the research vessel sighting
data had a “size selection bias” towards larger schools because those were more likely to be seen
on average. Our statistical model included a correction for that bias, as described in Methods.
We did not correct for any “estimation bias” in research vessel observer estimates of school size,
becauseit wasnotpossibleto makeacorrespondingcorrectionfor tunavesselobserverdata(see
Section 5.2).

2.2  Tuna vessel set data
Since the late 1970’s, the Inter-American Tropical Tuna Commission (IATTC) and NMFS

have placed trained observers aboard a significant percentage of ETP tuna purse-seiner vessels
larger than 400 tons capacity. These observers collect data on the dolphins with which commer-
cial species of tuna in the ETP commonly associate and monitor dolphin mortality due to purse
seine fishing operations.

Detailed observer data were available from sets made by U.S. vessels. From these data, we
usedobserverestimatesof schoolsizeandspeciescompositionfrom spotteddolphinschoolsthat
were set on by tuna vessels within the northeastern offshore stock boundaries (Figure1).  Data
from individual sets made by non-U.S. vessels were not available; however, count data summa-
rizing observednumbersof setsandtripsmadeby bothU.S.andnon-U.S.vesselswereavailable.

During1986,1987,and1988,asystematicsamplingplanwasusedto placeanobserveraboard
at least some trips for every U.S. fishing vessel. During these years, observer coverage on U.S.
vessels averaged 65% for trips that involved sets on dolphins. Beginning in 1989, U.S. regula-
tionsrequiredanobserveraboardeverytrip madeby aU.S.vessel.Only averysmallnumberof
trips did not carry observers, thus the data include essentially all dolphin sets made from 1989
onward by the U.S. fleet. Observer coverage on international (non-U.S.) vessels between 1986
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and 1990 averaged 34% for trips that involved sets on dolphins (Table2).  In all cases, a single
observer was placed aboard a selected vessel. We assumed that there was no sampling bias or
“observereffect” onacaptain’schoiceof schoolsto beseton. If thepresenceof anobserverdid
affect which schools were set on with respect to school size, then our estimates of capture fre-
quency were not based on “normal” fishing behavior. However, given the high observer cover-
age, carrying an observer is actually the more common situation for the U.S. fleet.

For school size and species composition estimates, we included only those sets that occurred
during the study period (the time of year corresponding to the NMFS marine mammal surveys)
for the years 1986-90. We used the observer’s final “best” estimates, which were made after the
conclusionof asetandwhich includedall relevantinformationtheobserverhadabouttheschool,
including counts of animals that evaded or were cut out of net encirclement1 (IATTC, 1991;

Table2. Summary of tuna vesseldata by fleet,year, and stratum. Coverageis definedasthe
percentageof fishing trips, involving setson dolphins by vesselsover 400tons,that carried a
scientific observer.  Coverages and annual numbers of trips are taken from IATTC Annual
Reports (e.g., IATTC 1992). Observed sets per trip is defined as the mean number of
observedsetson northeastern offshorespotteddolphin schoolsfor trips that involvedsetson
dolphins.  Middle and inshore strata as defined in Figure1.

Observed sets per trip,
28 Jul - 10 Dec (“study period”)

Observed sets per trip,
annual

Fleet Year Coverage Trips Inshore Middle Trips Inshore Middle

U.S. 1986 41.7 25 9.60 1.96 43 14.4 4.53

1987 91.5 62 17.1 5.16 119 21.9 6.89

1988 57.6 33 13.7 4.88 76 13.0 4.86

1989 99.1 50 14.9 3.66 115 15.3 3.77

1990 100.0 15 15.2 3.00 73 12.3 3.62

Total 76.9 183 14.9 4.14 426 16.2 4.88

Intl. 1986 25.3 29 12.3 2.90 68 14.9 2.84

1987 28.3 44 15.8 0.409 82 17.9 0.988

1988 35.8 54 8.70 3.52 111 10.3 3.87

1989 37.0 57 13.6 2.61 141 13.3 2.41

1990 42.0 66 8.35 6.92 147 12.3 4.77

Total 34.3 250 11.4 3.60 549 13.3 3.18

1) Usingthispre-encirclementschoolsizemeansthatwhile weareestimatingtherateatwhichschoolsof a
given size were set on, some dolphins involved in a given set were chased by the tuna vessel and its
speedboats but not actually encircled by the purse-seine net. For the purposes of estimating numbers of
sets as a measure of potential stress, we do not distinguish chase from capture.
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NMFS, 1992). Note that these tuna vessel data only included schools that were actually set on,
andnotobservationsof schoolsthatweresightedbutnotseton. Weexcluded25observationsfor
which the observer was not able to make a reliable estimate of school size. A total of 3454 set
observationswereincludedin thisstudy(Table2, page5). Foramoredetaileddescriptionof the
observation programs, see IATTC (1989, 1992) or Jackson (1993).

 From data collected by the scientific observers, we used the numbers of sets observed each
year on the target stock, by both U.S. and non-U.S. vessels, during the study period and for the
entire year (Table2, page5).  Additionally, the total annual number of fishing trips that involved
sets on dolphins has been estimated each year from tuna vessel logbook data (e.g., IATTC,
1992). Dividing theannualnumberof observedtripsby theannualtotalnumberof tripsgivesthe
annual trip sampling fraction (“coverage”), which we took as known exactly. We further
assumed that observer coverage was constant throughout the year, and thus that the sampling
fractions were applicable for the study period as well as the entire year.

Anecdotal reports consistently imply that tuna vessels do not search for or set on dolphin
schoolsatrandomwhenfishingondolphinin theETP. Sincelargerdolphinschoolsareobserved
to carry more tuna, they are presumably preferentially sought out and set upon. Therefore, the
tuna vessel set data would have a strong selection bias towards large schools because those were
more likely to be set upon, on average. It was this size selection bias that we attempted to quan-
tify in this analysis. There was also the possibility of estimation bias in tuna vessel observer esti-
mates of school size, which we did not correct for (but see Section 5.2).

2.3  Comparison of research vessel sighting data and tuna vessel set data
Theresearchvesselsightingdatarepresentsearcheffort ataconstantspeedof 10knotsby two

vessels for between three and four months annually over seven years. These vessels used two or
three ship-based observers with binoculars to locate dolphin schools, and all dolphin sightings
were recorded. The median estimated school size was 106. 48% of the estimates were less than
100, while only 1% were greater than or equal to 1000 (Figure2a). Note that these quantiles as
well astheestimateddensityin Figure2ahavenotbeencorrectedfor sizeselectionbias. Thetrue
distributionof schoolsizeswasestimatedto includea largerproportionof smallschools(seeSec-
tion 3.1 and Section 4.2).

The tuna vessel set data represent about 77% of the search effort during the same time period
for the U.S. purse seine fleet, which ranged from 29 to 40 vessels during the years 1986-90. To
increase their search efficiency, tuna vessels often travel at 15 knots, and crews use helicopters
andcommunicatein “codegroups”(Orbach,1977)in additionto searchingwith binocularsfrom
theship. Not all schoolsthataresightedaresetupon,andthustheobservedsetsrepresentamuch
largereffectivesamplesizein termsof sightings,with the“missing” schoolstendingto besmall.
The median estimated school size was 560. Only 4% of the estimates were less than 100, while
26% were greater than or equal to 1000 (Figure2b).
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3.  Methods

3.1  Statistical model
We modelled the true population of northeastern offshore spotted dolphin school sizes within

the stock boundaries as an independent identically distributed (i.i.d.) sample of unknown size
from a hypothetical infinite superpopulation of schools having a smooth probability density for
their school sizes. To characterize the true population of school sizes, both the total number of
schools,Nschools, and the probability density from which their school sizes were drawn,π(s),
needed to be estimated. While school size is really a discrete quantity, we approximated it using
a continuous-valued random variate. Because the schools of interest in this study consisted of
hundreds of animals, this approximation has no practical impact.

Becausethesightingprobabilityfor schoolsatagivenrangedependsonschoolsize,therewas
aselectionbias(relativeto π(s)) towardslargerschoolsin theresearchvesselobservations.Thus,
wemodelledthemasabiasedsampleof sizenschoolsfrom thetruepopulation.Becausetheships’
tracklines were random with respect to the dolphin population, we assumed that there were no
otherselectionbiases.Wedenotetheprobabilitydensityof observedschoolsizesby π*(s) to dis-
tinguish it fromπ(s), and note that

whereweff(s) is the effective line transect strip halfwidth for schools of sizes andweff is the size-
averaged effective strip halfwidth (Burnham et al., 1980, Appendix D). Bothweff(s) andweff
depend upon the data truncation distance (Burnham et al., 1980), denoted byw and equal to
5.5kmin thisanalysis.π*(s) wasestimatedfrom theobservedschoolsizes.However,to estimate
π(s), we also needed to estimateweff(s), as described below.

We modelled the schools associated with purse seine sets (both observed and unobserved) as a
biased sample (with replacement) of unknown size from the true population of schools. To char-
acterize these schools, both the total number of sets,Nsets, and the effective probability density
from whichtheirsizesweredrawn,p(s), neededto beestimated.p(s) representsthesuperposition
of the tuna fishermen’s school size selection preference uponπ(s).  Sizes were recorded for all
setsontripscarryingobservers,andsotherewasnoadditionalobserverselectionbias(relativeto
p(s)). With theassumptionof a randomselectionof trips,wetreatedtheobservedsetsasanunbi-
asedsubsampleof sizensets, andestimatedp(s) directly from theobservedsizes.Therewassome
concern with serial correlation between sets, see Section 3.3.

3.2  Estimation

(a) U.S. vessels, study period.

Observer calibration experiments (Gerrodette and Perrin, 1991) indicated that research vessel
observerestimatesof schoolsize,giventhetruesize,wereapproximatelynormalonthelog scale,
with constant variance. This is consistent with a lognormal multiplicative error model. We com-

π s( )
weff

weff s( )
-----------------π* s( ),=
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bined research vessel observer estimates for each sighting using the corresponding MLE for the
school size, i.e., a scale adjustment to the geometric mean. Under the assumption of unbiased
estimation, our estimate of theith school size was

andwheresij is thej th observer’sestimateof theith school,andki is thenumberof observerswho
madeestimatesof theith school. Weusetheterm“adjustedmean”for to distinguishthisquan-
tity from either the geometric mean,, or the arithmetic mean. See Section 5.2 for more discus-
sion of this estimator and the assumed error distribution. There was only a single tuna vessel
observer for each set, and so we simply used the individual school size estimates from the tuna
vessel set data.

Theobservedschoolsizedistributionsfrom boththeresearchvesselsightingdataandfrom the
tuna vessel set data were roughly lognormal in shape (Figure2).  We estimatedπ*(s) andp(s)
using an adaptive kernel density estimator on the logs of the observed school sizes, and then
transformed back to the original scale (Silverman, 1986). We treated the observer estimates
(adjusted mean estimates in the case of research vessel data) as exact measurements, and did not
attemptto correctfor thepossibilityof sizeestimationbiasesin eitherdataset(seeSection5.2)or
use a deconvolution kernel to account for estimation variance.

Our estimates ofweff(s) were based on modelling the inherent selection bias in the research
vessel sighting data. We used a bivariate hazard-rate detection function in a size-dependent line
transectanalysisof theperpendicularsightingdistancesandsizesof theobservedschools(Drum-
merandMcDonald,1987;Palka,1993). Perpendiculardistanceswerebinnedto reducetheeffect
of roundingin thedata. Schoolsizeswerenotbinned,becausewedid notuseaparametricmodel
for their distribution.

We define the average capture frequency for a school of sizes as

Notethatthisdefinition implicitly assumesspatialhomogeneity(butseeSection5.3). Settingthe
observed countsnschools andnsets equal to their expectation gives

whereL is the total distance searched by the research vessels,A is the total area within the stock
boundaries,andftrips is thefractionof tunavesseltripswhichcarriedanobserver.Usingtherela-
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tionship betweenπ(s) andπ*(s), and these moment equations fornschools andnsets, we estimated
the capture frequency for a school of sizes as

Notethatthefactorweff cancelsoutandonly weff(s) remains.Without regardto thetotalnumber
of setsor schools,therelativecapturefrequencyasa functionof schoolsizemaybeestimatedas

.

Becausethereweresofew schoolssmallerthan100animalssetonby tunavessels,andsofew
schools larger than 1000 animals sighted from research vessels, we restricted our analysis to
schools from 100 to 1000 animals, and computed estimates of capture frequency at intervals of
100 animals.

(b) Stratification and pooling

There were enough school size data from tuna vessel sets (nsets = 3454) to reasonably stratify
by location in our estimates ofp(s).  We used essentially the same strata as those used by Holt et
al. (1987), intersected with the stock boundaries (Figure1).  However, there were far fewer data
from research vessel sightings (nschools = 499). Because of the uneven spatial distribution of
sightings and the difficulty of making nonparametric estimates of a skewed density, we felt there
were not enough sighting data to stratify in our estimates ofπ*(s).  Likewise, we did not stratify
in the bivariate hazard-rate model to estimateweff(s).

Because the research vessel search effort and tuna vessel fishing effort were not evenly distrib-
uted over the range of the northeastern offshore stock, we stratified the countsnsets andnschools
geographically, using the strata defined in Figure1.

We did not stratify by year in any of our estimates. For the research vessel data, we treated all
seven cruises as independent random (with respect to the dolphin population) samples, and com-
bined sighting counts and search effort (see Section 5.6) to make a single estimate of the average
Nschools over all years. Similarly, for the tuna vessel data, we combined observed set counts and
computed overall trip sampling fractions to make a single estimate of the averageNsets over all
years. School size data were also pooled over years to make estimates of bothπ(s) andp(s).

(c) Extrapolation to the international fleet and to annual estimates

Data from individual sets came only from U.S. tuna vessels, so that estimating capture fre-
quency due to the entire fleet required some extrapolation. We made the assumption that a ves-
sel’spreferencefor schoolsizesuponwhich to makesetsdid notvarywith countryof origin, and
thusextrapolatedourestimateof p(s) to theentirefleet. Ontheotherhand,vesselsfrom different
countries are known to concentrate fishing effort towards different areas and set types1, and we
did not assume that patterns of effort remained the same across flags. Rather, our estimates of

1) Personal communication, Martin Hall, Inter-American Tropical Tuna Commission, La Jolla, CA.
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totalnumbersof targetsetsby stratumwerebasedonseparateobservedcountsandsamplingfrac-
tions for the U.S. and the international fleets,

where geographic stratification and averaging over years have been suppressed for clarity. This
expression was substituted in for (nsets / ftrips) in our estimates of capture frequency in each stra-
tum.

Estimating standard errors for capture frequency due to the entire fleet was problematic. For
non-U.S. vessels, we only had the total number of target sets observed by stratum, and not the
numbers of sets from each observed trip, so we were unable to estimate the variance in.
Thus, our estimates of capture frequency due to the entire fleet do not include estimates of stan-
dard error.

Because the research cruises all took place between 28 Jul and 10 Dec, we only used school
sizedatafrom individualsetsthatoccurredduringthesametimeperiod,andourestimatesof cap-
ture frequency are valid only for that period. However, if we assume that the same patterns in
schoolsizesandtunavessels’preferencefor schoolsizeshold for theentireyear,thentheannual
capture frequency can be estimated using the corresponding annual set counts for U.S. and non-
U.S. vessels. We did not attempt to make standard error estimates for these annual capture fre-
quencies because, as above, we did not have the appropriate individual set data.

3.3  Independence of observations
Becauseof thegeographicallycorrelatednatureof consecutiveresearchvesselsightingsor tuna

vessel sets, successive school size observations from a single vessel may not have been
independent.This is particularlyaconcernfor thesetdata,becauseof thepossibilityof repeated
setsonthesameschool(seeSection5.5). While dependencedoesnotaddabiasto ourestimates,
it doesdecreasetheeffectivesamplesize,whichaffectsourestimatesof precision.Weaccounted
for this problem by using bootstrap estimates of precision, and by defining our bootstrap resam-
pling units so as to make them as independent as possible while keeping a reasonably large sam-
plesize. For researchvesseldata,wetookdaysastheresamplingunit, while for tunavessels,we
resampled by trips. For each bootstrap iteration, we resampled from the research vessel data to
achieve approximately the same amount of search effort in each stratum as was actually
achieved.Weresampledfrom thetunavesseldatato achieveexactlytheactualobservednumber
of trips.
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4.  Results

4.1  School size estimation
Our estimate of the research vessel inter-observer size estimation variance parameter,τ2, was

0.268. Thus, the adjusted mean school sizes were approximately  larger
than the geometric means (which are biased low with respect to the true size). This value forτ2

correspondsto anestimatedcoefficientof variation(c.v.)of 55%for theindividualobservers,and
of 31% for the mean of three observers.

Figure2 shows the estimated densities for school sizes as reported by the research vessel and
tuna vessel observers. Note that Figure2a representsπ*(s) and notπ(s).  While we fit separate
densities forp(s) in each of the two geographic strata, Figure2b presents only a single, pooled
estimate. The density estimates from the two strata were significantly different (Kolmogorov-
Smirnov goodness of fit test, p = 0.002), but primarily at smaller school sizes, less than 200
animals. This difference had very little effect in absolute terms on the estimates of capture fre-
quency for the two strata, and so we present only the pooled estimates for simplicity.

Both estimated densities were much smoother at large school sizes than at small school sizes.
This is partially due to the variable bandwidth in the kernel estimator, but primarily due to the
data themselves. The variable bandwidth algorithm was chosen in order to make reasonable den-
sity estimates in the right tails where there were few data, while not oversmoothing near the
modes.Wechosethebandwidthscalingparametersasa trade-offbetweensmoothnessandfit to
the data.

As a check on the consequences of our decision not to stratify the school size density estimate
for researchvesselobservers,weusedQ-Qplotsof schoolsizesbetweenstrata.Theseplotsindi-
cated that there was no substantial difference in distributions between strata for the research ves-
sel observers. A Kolmogorov-Smirnov test also failed to detect differences in distributions
between strata (p = 0.62).

4.2  Estimated effective strip halfwidth
Figure3 shows the estimated values for the effective strip halfwidth as a function of school

size. Because , weff(s) represents the relative amount of “thinning” for
schools of different sizes, i.e.,weff(s) / w is the probability of a school of sizes being detected
from the research vessel, given that it is within the truncation distancew.  The estimated values
indicatethatapproximatelyonethird of schoolsof size100within thetruncationdistance(5.5km)
were missed by the research vessel observers, while essentially all schools of size 1000 were
detected. The result shown in Figure3 is, qualitatively at least, partially constrained by the
bivariate line transect model, i.e., if the data indicate dependence of detectability upon school
size,thentheparametricform for weff(s) dictatesthattheestimatedcurvemustvarysmoothlyand
monotonically with size, and must approachw asymptotically. However, the model fit need not
have any dependence on school size, and the specific direction and rate of increase shown in

τ̂2 2⁄( )exp 14.3%=

π* s( ) weff s( )π s( )∝
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Figure3 aredueto thedata,andagreewith observerexperiencein termsof reachingthelimiting
value within the range of sizes shown.

The standard error bars in Figure3 exceedw in some cases, although it is not possible for
weff(s) to exceedthetruncationdistancew. Theseerrorbarsarepresentedsimply to representthe
estimatedprecisionfor eachestimate,andshouldnotbeinterpretedasconfidenceintervals. Con-
fidenceintervalsfor theestimatedhalfwidthswould tendto beasymmetricandwouldnotexceed
the truncation distance.

We did not stratify geographically in the bivariate line transect model to estimateweff(s).  One
reasonwhy theeffectivestriphalfwidthmightactuallyhavedifferedbetweenthetwo stratawasa
differencein observedseastateconditions.TheaveragereportedBeaufortseastatewasbetween
2 and3 for theinshorestratum,andbetween3 and4 for themiddlestratum.Wedid fit thebivari-
ate line transect model to data from the two strata separately, and found that the estimated effec-
tive strip halfwidth for the middle stratum was 10-20% smaller than that for the inshore stratum,
dependingonschoolsize. This impliesthatdetectabilitydeclinedwith increasingBeaufortstate,
and we concluded that our estimate of averageweff(s) was probably somewhat high if taken spe-
cifically for the middle stratum. However, we found that the number of observations in the mid-
dlestratum(nschools= 81)wastoosmallto allow stratificationandstill havereasonableprecision
in estimating eitherweff(s) or π*(s).  The analogous bias for the inshore stratum was opposite in
sign,butprobablynegligiblein magnitudebecausemost(83%)of theperpendiculardistancedata
on which the estimate was based came from sightings in that stratum.

Although the on-effort trackline lengths in each stratum were roughly proportional to the stra-
tum areas, ifweff(s) was indeed smaller for the middle stratum than for the inshore, then search
effort, in terms of area, was weighted too much towards the inshore. This implies that our data
mayhaveincludedtoohighaproportionof sightingsfrom thatstratum.In thecaseof π*(s), there
did notappearto beanydifferencebetweenstrata.However,ourestimateof weff(s), intendedas
an average over all research cruise legs, may have been overinfluenced by inshore stratum data.
The practical impact is that our estimates of capture frequency for the middle stratum may be
biasedhigh. Theeffectonourestimatesfor theinshorestratumwasprobablynegligiblebecause
of the high proportion of data from that stratum.

4.3  Estimated capture frequency
Figure4 shows the estimated capture frequency due to U.S. tuna vessels. The estimates here

represent the average number of times a school of a given size was set on each year during the
four and one half month study period. In addition, although we computed separate estimates for
the two geographic strata, they were so similar that we only present the pooled estimates here.
Because both sighting and set rates were stratified geographically, the similarity between strata
indicates that fishing pressure was approximately proportional to dolphin school density. As in
Figure3, the standard error bars are presented to indicate precision and should not be interpreted
as confidence intervals.
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The estimates in Figure4 represent an integration of the information presented in Figure2 and
Figure3, scaled by an estimate of the overall average capture frequency, i.e.

Note thatweff in this expression actually cancels with a factor in the estimate ofNschools.  The
magnitude and direction of the trend inNcapture was almost entirely due to the ratio of the esti-
matesof π*(s) andp(s). Estimatesof thefactorweff(s) variedonly by about50%overtherangeof
sizes considered, while the estimated capture frequency varied by two orders of magnitude.

Theprecisionsof ourestimatesof capturefrequencydependedon theprecisionsof theindivid-
ual estimated factors involved in the above expression. We were able to estimate those different
precisions using the output of the bootstrap procedure and found that they varied widely. Much
of the variability was in our estimates ofπ*(s), with bootstrap estimates of c.v. ranging from 9%
at a school size of 100 up to 24% at 1000. Bootstrap c.v.’s for estimates ofweff(s) were low,
ranging from 13% down to 1%, but, as mentioned above,weff(s) was the factor most constrained
by the model. Bootstrap c.v.’s forp(s) were lower than those forπ*(s), ranging from 14% at a
school size 100 down to 6% at 1000. Set counts and sighting counts both had similar bootstrap
c.v.’s, approximately 7% and 12% in the inshore and middle strata, respectively.

Finally, Figure5 shows the estimated annual capture frequencies due to the U.S. fleet and due
to the combined U.S. and international fleet. As before, the estimates in the two strata were very
similar,andwepresentonly apooledsetof estimateshere. Theestimateof thecombinedcapture
frequency for schools of size 1000 is 36.1 sets per year, or one set every 10 days, compared to
well underonceayearfor schoolsof 100animals.Theestimatefor themedianschoolsizeseton
(560 animals) was 10.1 sets per year, or just under once per month. The U.S. fleet accounted for
an estimated 31% of sets during the years 1986-90. Although we were not able to estimate stan-
darderrorsin thiscase,theerrorbarsin Figure4 shouldgiveat leasta roughideaof thepotential
precision of these estimates.

Because of the extrapolation of school size distributions necessary to make annual and com-
binedfleetestimates,thetwo curvesin Figure5 areidenticalin shapeto thatin Figure4,buthave
different scale factors. The scale factor for the lower curve was an estimate of the overall (size-
averaged)annualcapturefrequency,Nsets/Nschools, dueto theU.S.fleet,while thescalefactorfor
the upper curve was the corresponding estimate for the combined fleets. These two overall cap-
ture frequency estimates were not extrapolated from data collected during the study period, but
were based on annual set counts for the two fleets.
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Using the adjusted mean school sizes from the sighting data, and weighting by the estimated
effectivestripwidth, weff(s), wemadeanempiricalestimateof thecumulativeproportionof indi-
vidual dolphins in schools greater than or equal to a given size, i.e.,

andthesumsareoverresearchvesselsightings.WenotethatH(s) shouldnotbeusedto quantify
the school size preferences of individual dolphins, and so, for example, while we estimated that
schools larger than 1000 animals contained an estimated 9% of dolphins at any given time, this
does not imply that thesame 9% of dolphins always made up such schools.

Comparing with the combined capture frequency estimates (Figure5, upper curve),
schools of 1000 animals or greater were estimated set on at least once every ten days, and con-
tained an estimated 9% of dolphins (Figure6).  Schools set on most often by tuna purse-seiners,
containing from about 250 to 500 dolphins, were estimated to be set on between 2 and 8 times
eachperyearonaverage;theseschoolscomprisedjustunderanestimatedonethird of thestock.
An estimated one half of northeastern offshore spotted dolphins occurred in schools smaller than
250 animals; schools of this size were estimated to be set on less than twice per year each.

To interpret these results in terms of capture frequency for an individual dolphin, we must con-
sider the size range of the schools with which a given individual tended to associate. If one
assumesthatdolphinshaveastrongfidelity for acharacteristicschoolsize,thentheaboveresults
indicate that a fixed but relatively small proportion of the dolphin population was consistently
subjectedto ahighrateof capturein purse-seinenets,while themajorityof dolphinsweresubject
to relatively little disturbance from the fishery. However, little is known about the spatial and
temporaldynamicsof dolphinschoolsandtheir sizes,anda rangeof otherassumptionsarepossi-
ble.

At the other extreme, if school membership is completely fluid and dolphins mix perfectly
amongschools,thenoverthelongterm,all dolphinswouldexperiencethesamecapturerate. We
made a rough estimate for this rate by estimating the total annual number of dolphins set on and
the total number of dolphins. Using data from Table2, a rough estimate for the mean annual
number of sets on northeastern offshore spotted dolphins during the period of this study is 7610
sets per year. From tuna vessel observer data, an estimate for the mean school size for those sets
is 773 animals. Combining these with an estimate for the total number of northeastern offshore
spotted dolphins (Wade and Gerrodette, 1993) gives (7610x 773 dolphins set on) / (731,000 dol-
phins) = 8.04 sets per dolphin per year.

The true picture certainly lies between these two extremes. If a given dolphin associates with
schools from a range of sizes, then that animal’s long-term rate of capture would be less than the
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Ĥ s( )



15

estimated maximum rate of once every ten days, even though it may spend some time with the
largest schools. On the other hand, if the composition and spatial location of some large schools
arestaticoverperiodsof weeksor longer,thenanimalsin thoseschoolscouldbesubjectto short-
term capture rates even higher than our estimates because of the clustered distribution of fishing
effort, leading to a higher probability of frequently repeated sets on the same school.

4.4  Capture frequency for very large schools
Sofew very largeschoolswereobservedby theresearchvessels(Figure2a)thatnokernelesti-

mateof π(s) waspossiblefor sgreaterthan1000animals.However,becausetheestimateddetec-
tion probability for those schools was essentially one out to the truncation distancew, a rough
calculationfor capturefrequencywaspossible.Assumingtheeffectivestriphalfwidth is equalto
the truncation distance, an estimate of the average capture frequency due to the entire fleet is

The estimated average capture frequency due to the entire fleet for schools larger than 1000 ani-
mals was 39.1 sets per year, just slightly higher than the kernel-based estimate of capture fre-
quency for schools of 1000 animals reported in Section 4.3 (36.1 sets per year). However, this
rough estimate was somewhat unreliable because of the rounding tendency of tuna vessel observ-
ers, in this case an apparent preference for reporting a size estimate of 1000 rather than less
“round” values just over 1000 (Figure2b).  This rounding had the effect of reducing the number
of setsreportedonschoolslargerthan1000animals.Repeatingthis roughcapturefrequencycal-
culation,but this time for schoolsgreaterthanor equalto 1000animals,gaveanestimateof 51.3
sets per year. These estimates of capture frequency for very large schools correspond to capture
in purse seine nets just under once a week.

5.  Discussion

5.1  School size distribution correction
Theprobabilityof detectionof adolphinschoolfrom aresearchvesselwasassumedto depend

on school size, and the estimated parameters from the model indicated that detection probability
increased with school size for any given perpendicular distance from the research vessel’s track
line.  To compensate, we used a correction to transform the “observed” distribution of school
sizes, seen from the research vessels, into the “true” distribution. In effect, this correction
increased the estimated number of smaller schools to account for their lower detectability.
Although the model used to estimate this correction was based on previous work, the model has
not been thoroughly explored, and in particular, its behavior for very small school sizes needs to
beinvestigatedfurther(PerkinsandGerrodette,in prep.). However,for therangeof schoolsizes
importantin thisanalysis,webelievethatthemodelgivesagoodindicationof thesizebiasinher-
ent in the observations.
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In anycase,it is clearthatwhateverthespecificform of thecorrection,it canonly shift thedis-
tribution of observed school sizes towards smaller schools. Were we to have ignored the size
selection bias in the research vessel data entirely, the magnitude of our quantitative results for
capture frequency would have been reduced somewhat, i.e., we would have estimated a lower
capture frequency for each school size. However, the results would have remained qualitatively
unchanged.

5.2  Observer size estimation errors
Our statistical model for the school size data included terms for selection biases, that is, which

schoolswereincludedin thesightingor setdata,asdiscussedin Section3.1. However,therewas
alsoapotentialfor observersizeestimationbiases.Thatis, givenasightingof, or aseton,aspe-
cific school, an observer had to estimate its size. We assumed that there was no systematic ten-
dencyfor eithertunavesselor researchvesselobserversto over-or underestimatethetrueschool
sizes, and treated the observer estimates (or adjusted mean estimates) of school size as exact
counts(Section3.2). Thus,wedid not includeanerrortermfor sizeestimatesin eitherthekernel
density estimates ofπ*(s) andp(s) or the bivariate line transect estimates ofweff(s).  In this sec-
tion, we discuss the implications and validity of this assumption.

Observerestimationbiasor variancewouldaffectourestimatesof π*(s) and/orp(s). A system-
atic tendency for observers to over- or underestimate would scale or otherwise deform those esti-
mated densities, depending on whether the bias was proportional to size or was more complex.
Even if the observers were unbiased in their individual estimates, estimation variance would still
increase both tails in the density estimates. Thus, if research vessel observers and tuna vessel
observers consistently made different errors in estimating school sizes, then the trend in our esti-
matesof capturefrequency,e.g.Figure4, couldhavebeenin partor entirelydueto thoseerrors.
We describe below a statistical model which we used to qualitatively characterize observer esti-
mation errors.

To investigate the magnitude of observer estimation errors, we assumed a multiplicative log-
normal error model, i.e., thej th observer’s estimate of theith school issij  = si eij , wheresi is the
true school size, ln(eij) ~ N(ν, τ2), andν may depend uponsi.  Under this model,sij  has an
expected value ofsi exp(ν+τ2/2) and a constant c.v. Estimation bias is directly proportional to
size whenν does not depend uponsi, and the special caseν = –τ2/2 (a negative bias on the log
scale)correspondsto unbiasedestimation.Whenthereareki independentreplicateobservations,
their geometric mean is lognormally distributed, i.e., ln(s~i) ~ N(ν, τ2/ki).  On the other hand, the
adjusted mean is not, and so the geometric mean is more convenient for investigating this error
model. We note that our choice of the adjusted mean as an estimator ofsi in our main analysis
was based on the assumption of unbiased individual estimates. Under that assumption, the geo-
metric mean is not an appropriate estimator ofsi  because it has expectationsi exp(–(1–1/ki)τ2/2).

Because lognormal errors have a skewed distribution, their variance would increase the right
tail of our estimates ofπ*(s) or p(s) more than the left, in absolute terms. However, if the true
size distributions are roughly lognormal, the estimated densities would remain qualitatively the
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same, i.e., roughly lognormal, and, for example, the means of the estimated densities would not
be higher than the true means unless there is also a positive bias.

(a) Research vessel observers

Gerrodette and Perrin (1991) studied dolphin school size estimation errors for research vessel
observers by ground-truthing observer estimates against aerial photo counts of the same school.
That study used observations from the NMFS research cruises (nsightings = 171) for which clear,
unambiguous photos had been taken. Treating the photo counts as exact, they found that the
countsfrom asingleobservercouldbemodelledaslognormallydistributedgiventhetrueschool
size. They also found that a given observer in the study might have a substantial positive or neg-
ative bias. However, they concluded that it would be possible to bias-correct estimates from an
observer, given appropriate ground-truth data.

Using their photo/observer dataset, we fit a lognormal model for the geometric means of the
observer estimates from each sighting. The particular model we used for the bias was
ν = a+bln(si), i.e., a linear regression on the log scale, which corresponded to an expected value
of si

1+bexp(a+τ2/2) on the original scale. The fit showed evidence for a progressive tendency
towards underestimation of the sizes of larger schools, with the estimate ofb small but negative
(-0.082,s.e.= 0.023). Specifically,thefit indicatedthattheobservershadessentiallynobiasata
trueschoolsizenear100,but thattherewasanegativebiasof 21%ataschoolsizeof 1000. The
estimated c.v. for the geometric means, given the true size, was 48%. Thus, the size-dependent
bias would tend to shorten only the right tail of our estimate forπ*(s), while, as pointed out
above, the estimation variance would tend to lengthen both tails.

UsingLilliefors’ testfor normality,we foundthatthegeometricmeansof theestimatedschool
sizes,giventhetrueschoolsize,wereconsistentwith theassumptionof normalityonthelog scale
(p = 0.15). We note that the individual observer estimates, when pooled across all observers
(nestimates = 939), were significantly non-lognormal (p = 0.04). However, this is not unexpected
given the large sample size, which implies a high power to detect even small departures from the
assumedidealizeddistribution. Wealsonotethattheestimatedvarianceparametersfor thefits to
the individual observer estimates and to the geometric means suggested that the individual
observer estimates were not true replicates. This implies that there was a significant source of
variation in the estimates that was not due to the individual observers, e.g., ocean conditions or
school behavior.

Giventhis information,it wouldhavebeenpossiblein theoryto bias-correcttheresearchvessel
observersizeestimatesfor ourestimatesof π*(s) andweff(s). However,becausedataonwhich to
base a similar adjustment for tuna vessel observers (see below) did not exist, we did not make
such a correction. In addition, the bias analysis here is only a preliminary effort.

(b) Tuna vessel observers

Quantifyingobserverestimationerrorsin thetunavesselsetdatawasnotpossibleasit wasfor
research vessel data. Although there have been several experiments carried out to investigate
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schoolsizeestimationfrom tunavessels,nosuitablestudysimilar to thatof GerrodetteandPerrin
(1991) has been carried out to ground-truth the tuna vessel observer data used in this analysis.
Allen et al. (1980; see also Scott et al.,1985) reported on data collected to compare ship-based
observer estimates, aerial observer estimates, aerial photo counts, and backdown counts of
schoolsthatweresetonby acharteredtunavessel.Therewerefew observations(nsets= 5) which
could be used to compare ship-based observer estimates of an entire school to photo counts.
Therewere30setswith bothship-basedobserverestimatesandbackdowncounts,however,10of
those were from sets where less than 80% of the school was captured. In addition, the data were
collected under conditions that differed somewhat from actual fishing operations. No analysis
was done to compare ship-based observer estimates to either photo counts or backdown counts.
Thus, those data do not directly help in quantifying the bias and variance of the tuna vessel
observer “best estimates” used in this analysis.

While ground-truth data to quantify tuna vessel observer estimation errors has not been col-
lected, qualitative results from the research vessel observer ground-truth data of Gerrodette and
Perrin (1991) may be applicable. However, differences between the two types of observers and
observingconditionsshouldbenoted. Bothobserverprogramshaveextensivetraining,however,
becauseof thelargenumberthatareneeded,upto 15%of tunavesselobserversin thefield areon
their first cruise1, while all of the research vessel observers had some previous experience2.  In
addition,researchvesselobserverswereisolatedasmuchaspossiblefrom anyoutsideinfluences
on their estimates, e.g., teams of observers were strictly trained not to discuss their estimates
amongsteachother. In contrast,tunavesselobserversarein constantcontactwith crewmembers
and it is possible that their estimates were influenced by the rough size estimates typically made
by the crew during a set3.  Research vessels regularly approached schools for the sole purpose of
making size estimates and species identification. On the other hand, dolphin schools are often
intentionally or unintentionally split up during a set, and tuna vessel observer school size esti-
mates are in general a combination of backdown counts and estimates of the number of animals
not encircled by the net (IATTC, 1991).

Finally, therewasonly asingleobserveraboardeachtunavesselto makeschoolsizeestimates
for sets, while the size estimates from research vessel sightings were the mean of typically three
estimates.As mentionedabove,GerrodetteandPerrin(1991)foundthatresearchvesselobserver
estimates could be modelled as lognormally distributed about the true school size. If the same
conclusionholdsfor tunavesselobservers,it is possiblethattheirobserveddistributionof school
sizes is too heavy-tailed because of the estimation variance effect as discussed above. Because
weusedmeansfor theresearchvesselestimates,theeffectwouldhavebeenreducedin thosedata

1) Personal communication, Dr. Martin Hall, Inter-American Tropical Tuna Commission, La Jolla, CA.
2) Personal communication, Dr. Jay Barlow, Southwest Fisheries Science Center, La Jolla, CA.
3) The influence of others on an observer’s size estimates should not be discounted. The tendency of

researchvesselobserversduringearlyresearchcruisesto altertheirschoolsizeestimatesafterdiscussing
them with one another was one factor that led to the current policy of not discussing estimates among
observers (personal communication, Dr. Jay Barlow, Southwest Fisheries Science Center, La Jolla, CA).
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becauseof theresultingsmallervariance.Wedid makeanestimateof π*(s) basedontheindivid-
ual research vessel observer estimates, however, it was still much less weighted towards large
schools than was our estimate ofp(s).  We concluded that the variance of tuna vessel observer
estimates was not the main cause of the difference between our estimates ofp(s) andπ*(s).

In the absence of any ground-truth studies for tuna vessel observers, a comparison of relative
biases between the two types of observers would have been useful. Cologne and Holt (1984)
compared observers with experience only on research vessels to observers with experience only
on tuna vessels. They concluded that there was no relative school size estimation bias between
observer types. However, the experiment was carried out entirely on a research vessel, and it is
possible that the conditions under which tuna vessel observers work are a factor in any bias in
theirestimates.CologneandHolt did nothaveanydatawith whichto investigateabsolutebiases.

We considered comparing the distribution of estimated school sizes in research vessel sighting
data and tuna vessel sighting data (as opposed to set data) to determine if a relative bias in size
estimation existed between the two types of observers. Obviously, tuna vessel set data could not
be used for this purpose because of the “selection bias” present in the tuna vessel data, i.e., the
tendency of fishermen to set on larger schools. Unfortunately, we concluded that tuna vessel
sighting data were also unsuitable for such a comparison. In particular, tuna vessel observers do
notsearchfor schoolsin thesamewayastheresearchvesselobservers,e.g.,theydonotusehigh-
powerbinocularsandmustrely oncrewreportsfor at leastsomeschools.It wouldbedifficult to
separate out these differences from any size estimation bias. More importantly, tuna vessels do
not search randomly (as the research vessels did) and so sightings from tuna vessels are likely to
representabiasedsample(relativeto theresearchvessels)if localizedarealdifferencesin school
size distribution exist.

It was possible to compare school size estimates of tuna vessel observers to those of the crew.
A roughfit to thelogsof thetwo typesof estimatesindicatedthat,for schoolsthatwereseton,the
crew’s estimates were 33% higher on average than those from the trained observers (Figure7).
While the crew members were not trained scientific observers, this relative bias between school
size estimates from two different sources provides a clear example of the potential for observer
bias.

5.3  Spatial distribution of schools
Ouranalysiscanbetakento imply full spatialmixing, thatis, all schoolsof agivensizewithin

a stratum have the same probability of being set upon. A more realistic model is that some
schoolshaveahigheror lowerprobabilitydependingnotonly on theirsize,butalsoontheiraver-
age spatial location relative to areas of high school density or high fishing effort. Other factors
such as seasonal effects and the amount of associated tuna are also interrelated with geographic
locationin determiningtherateof capturefor agivenschool. Becauseweonly includedalimited
spatial component in our model, the appropriate interpretation of our results is that we estimated
anaverageprobabilityof beingsetupon,asa functionof schoolsize,for schoolswithin eachstra-
tum.
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(a) Large-scale trends in school size

Observerexperiencesuggeststhatpressurefrom fishingondolphincanreduceaveragedolphin
schoolsize,i.e.,areasof highfishingeffort tendto havesmallerschools1. Thismaybearesultof
chase and capture operations during sets intentionally or unintentionally splitting schools into
smaller subgroups2.  However, we did not find any indication of such a trend in our northeastern
offshore spotted dolphin school size data.

To help detect such a relationship, we spatially smoothed the school size data from both tuna
vesselsetsandresearchvesselsightings,usinglocalquadraticregression(ClevelandandDevlin,
1988) on the log scale. Treated separately, both sets of data showed some evidence for locally
correlatedspatialdifferencesin averageschoolsize,howeverthreepointsshouldbenoted. First,
there was no clear geographically predictable trend related to, for example, latitude or distance
offshore. Thetrendsurfacein bothcaseswasapparentlyrandom,althoughwedid notattemptto
relate average school size to any environmental predictors such as sea surface temperature. Sec-
ond, both data sets were somewhat sparse. The tuna vessel data were numerous but highly
clustered: over three quarters of all observed sets occurred in less than 16% of the stock range.
The research vessel data were more evenly distributed, but still had many large gaps between
sightings,on theorderof hundredsof miles. Third, althoughin bothcasesthespatialregressions
did detect patterns in average school size, the estimated random component at any particular spa-
tial locationwasnearlyaslargeastheentirerangeof theestimatedtrendcomponent.Thus,either
fitted trend surface was a very imprecise predictor of size given position for a particular school.

Comparing either of the two fitted surfaces for average school size to a spatial plot of fishing
effort did not reveal any relationship. The average school sizes from either research vessel sight-
ingsor tunavesselsetsdid notappearto berelatedto thelocal levelof fishingeffort. Finally, the
two fitted trend surfaces had no apparent similarity to each other. We concluded that if fishing
pressuredid affectspotteddolphinschoolsize,its effectsmayhavebeenmaskedby sizeselection
in the tuna vessel set data, and by the relatively limited number of observations in the research
vessel sighting data.

(b) Clustering and non-random search effort

Other analyses of tuna vessel observer data have shown some evidence for so-called “hot
spots”, i.e. a patchy environment leading to unpredictable, localized regions supporting high dol-
phindensitiesand/orlargedolphinschools3. However,theresearchvesseldatain thisstudywere
neither numerous nor dense enough to investigate trends on such small scales. The tuna vessel

1) Personal communication, Rand Rasmussen, Southwest Fisheries Science Center, La Jolla, CA.
2) Personal communication, Dr. Martin Hall, Inter-American Tropical Tuna Commission, La Jolla, CA.

Depending on how long such a school remains fragmented, how completely it reaggregates, and how
soon and how frequently it is set on again, this effect could complicate interpretation of capture rate as a
function of school size. Some limited data have been collected to study school fragmentation and
reaggregation (Perrin et al., 1979; Personal communication, Dr. Mike Scott, Inter-American Tropical
Tuna Commission, La Jolla, CA.

3) Personal communication, Dr. Martin Hall, Inter-American Tropical Tuna Commission, La Jolla, CA.
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data did have some groups of observations consistent with the presence of hot spots. Two exam-
ples are discussed in Section 5.5.

5.4  Characterizing dolphin schools

(a) Variation in school size over time

Thesimplestinterpretationof thisanalysiswouldassumethatadolphinschoolis a fixed entity
which does not change in size, and so the average capture frequency is well defined for each
school and each member of a school. If, on the other hand, schools often fragment and reaggre-
gate, then interpretation is more complicated. For example, one study has shown a diel trend in
ETP dolphin school sizes (Scott and Cattanach, in press). The research vessel sighting data used
here did not show similar clear evidence for such a trend, possibly due to a smaller sample size.

The superpopulation model that we assumed (Section 3.1) is one way to account for this fluid
nature of dolphin schools. In particular, the research and tuna vessel school size data represent
time-averagedsamples,i.e.,averagesoverrepeatedrealizationsfrom thesuperpopulation.Thus,
althoughschoolsizes(or at leastthecompositionof individualdolphinsin agivenschool)proba-
bly did not remain static over time, we were estimating their underlying distributions.

(b) Species composition

Most schools in both the research vessel and tuna vessel data included not only northeastern
offshore spotted dolphins, but other species as well, primarily spinner dolphins (Stenella
longirostris). Wedid notdifferentiatebetweenpureandmixedschoolsin ouranalysis.Thus,we
tookasourpopulationof schoolsnot just thosecomposedpurelyof northeasternoffshorespotted
dolphins,butall schoolscontainingthem. Schoolsizesweretakenasthetotalnumberof animals
in each school. This approach would not have been appropriate if we had been estimating a
stock-specificabundance(e.g.,WadeandGerrodette,1993). However,aslongasthereis nobias
in the species composition of schools that are set on, our approach is valid. An exploratory data
analysisindicatedthatthedistributionof speciesproportionswasverysimilar for bothsourcesof
data.

There was some indication that pure spotted schools tended to be smaller on average than
mixed spotted/spinner schools. We did not pursue this because it did not affect our results.

5.5  Encounter rate for very large schools
Inspection of Figure2 raises the question of why so few very large schools (1000 animals or

greater,say)weresightedfrom theresearchvesselswhensomanyweresetuponby tunavessels.
Only five schools(1%of sightings)in thatrangewerereportedby researchvesselobservers,and
the largest was estimated to be 2617 animals. 896 schools (26% of observed sets) in that range
were reported set upon by tuna vessel observers, and 97 were estimated to be larger than 2617.
These largest schools from the set data did tend to include slightly higher percentages of species
otherthanspotteddolphins. However,theywerestill primarily madeupof spotteddolphins(just
over an estimated 70% on average), and it was not the case that they were due to an association
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with large groups of, for example, common dolphins (Delphinus delphis), which are known to
form very large schools (e.g. Edwards and Perrin, 1993).

At least four explanations for this apparent discrepancy are possible. First, this may simply
reflect the much greater search effort by tuna vessels and their preference for setting on large
schools. If research vessel effort were increased, perhaps at least some schools larger than 3000
animalswouldbereported.Second,partof thedifferencemaybedueto relativebiasin sizeesti-
mation between the two types of observers, as discussed in Section 5.2. However, to explain all
of the difference, the two sets of observers would have to differ on average by a factor of five in
their estimates, not a likely possibility. Third, the research vessels may have missed a relatively
rare segment of the population of schools, which the tuna vessels are able to seek out with a non-
random search strategy. Fourth, some of these large observations in the set data may have been
from intentionally repeated sets on the same schools.

Evidence for either of these last two explanations appears in the set positions in the observer
data from U.S. tuna vessels. Figure8 shows a cluster of eighteen sets which occurred very close
together in both space and time. Eleven of those sets had estimated school sizes in the 99th per-
centileof sizesobservedfrom theresearchvessels.It seemsunlikely thatif schoolsof suchasize
were fairly evenly distributed, tuna vessels would be able to set on more within three days, in a
smallarea,thantheresearchvesselsdetectedin sevenyearsovertheentirestockrange.An even
moreextremeexampleis shownin Figure9, whereovertwo days,asingletunavesselmadesets
on four schools with estimated sizes larger than all but four of the schools detected by research
vessels over seven years. Given the time sequence of estimated sizes, one plausible explanation
is that the vessel repeatedly set on a single very large school which became more and more
fragmented. Both of these examples were chosen as somewhat extreme cases, but they serve to
illustratethepossibilitythatlocalizedareasof highdensityand/orschoolsizemayexist,andthat
repeatedsetsonasingleschoolmayoccur. Eitherof thesetwo possibilitiesimply thatsomevery
large schools may be set on once or more a day over several consecutive days, by one or more
tuna vessels.

5.6  Estimation ofNschools

Thelocaldolphinschooldensityin theETPchangesovershorttimescalesin responseto ocean
environmental factors. Because of this and the dynamic nature of dolphin school sizes, the esti-
mate  implicit in our estimate ofNcapture should not be thought of
asa “sampling-based”finite populationestimatorof a fixed total. In thatcontext,asmoreareais
observed, the sampling fraction increases to one and the population should become known
exactly with no uncertainty. In practice, more independent samples do increase the precision of
theestimator.However,becauseof populationmovementandthelimited areathatcanbeinstan-
taneouslysampled,its variancecannotbereducedto exactlyzero,evenwith exhaustivesampling
of thestockrange.In addition,thenumberof schoolsis not likely to beconstantovertime. Thus,
the quantity of interest was not the configuration of schools at a given moment, but rather the
meantotalnumberfor anassumedsteadystate.Our interpretationof wasasanestimate

N̂schools Anschools 2Lŵeff⁄=

N̂schools
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of average density (over both location and time), , times a known area, and we
did not include a finite population variance correction in any of our computations.

Theresearchcruisesusedthesamesurveydesignfor 1986through1990. However,theships’
cruise tracks were not precisely the same from year to year. Because of this and the dynamic
natureof localdolphinschooldensities,wetreatedall sevencruisesasindependentrandom(with
respect to the dolphin population) samples, and combined sighting counts and search effort to
make a single estimate of the averageNschools.  Of course, if the cruise tracks were biased with
respect to large scale geographic differences in density, then the first five cruises probably could
not be considered independent replicates. However, the surveys were designed with approxi-
mately even coverage within each stratum to minimize this sort of bias.

5.7  Estimation ofNsets

Unlike the case ofNschools, estimatingNsets could be treated as a problem in finite population
statistics, because the realized number of sets for a particular year was probably of more interest
than the expected number. In contrast to the local density of dolphin schools, the number of tar-
get sets for any fishing trip was a well-defined, fixed quantity, and with 100% observer coverage
of trips, the total number of target sets for any given year would have been known exactly.

Ontheotherhand,therealizedschoolsizesfrom setswerenotof primaryinterest,rather,it was
theirunderlyingdistribution,p(s), thatneededto beestimated.Unfortunatelyit wasnotpractical
to combine a finite population bootstrap algorithm, to account for sampling-based variance in

, with astandardbootstrapalgorithm,to accountfor variancein , while still resampling
at the level of trips to approximate independence between bootstrap units. Thus, we interpreted
our estimate ofNsets as an estimate of the expected number of sets, and used model-based meth-
ods throughout. The usual point estimates for the realized number of sets and the expected num-
berof setsareidentical, , howevertheirvarianceshavedifferentforms
and interpretations. In particular, with a significant sampling fraction, the sampling-based vari-
ance is smaller due to the finite population correction factor. Thus our bootstrap standard errors
for capturefrequencyareconservativeif onechoosesto interpret asanestimateof thereal-
ized number of sets.

However, by rerunning the analysis withNsets fixed and assumed known (equal tonsets/ ftrips),
we found that the variability in  contributed very little to the variability of .
This implies that the variability in the estimates ofNschools, π(s) andp(s) dominates the standard
errorsfor , andthatevenif Nsetswereknownexactly,thosestandarderrorswouldnot
improve significantly.

Implicit in our estimate ofNsets was an estimate of the mean number of target sets per trip.
Because we stratified set counts geographically, there were actually two such mean estimates,

 and .  We note that whilensets was stratified, neitherNtrips nor
ntrips wasbecausetripswerenot restrictedto asinglestratum.Usingnumberof fishingdaysasa
covariatewouldprobablyhaveresultedin morepreciseestimatesof Nsetsin eachstratumbecause

nschools 2Lŵeff⁄

N̂sets p̂ s( )

N̂sets Ntr ipsnsets ntr ips⁄=

N̂sets

N̂sets N̂capture s( )

N̂capture s( )

nsets
inshore( ) ntr ips⁄ nsets

middle( ) ntr ips⁄
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ndayscouldhavebeenstratifiedandbecausethenumberof targetsetsperfishingdayin aparticu-
lar stratum is much less variable than the number of sets per trip. However, the total number of
fishing days by stratum was not known. Using commercial catch as a covariate may also have
improved the precision of the estimates somewhat, but total catch by stratum was not known.

 As pointed out in Section 3.2, we were able to make estimates of standard error for capture
frequencydueto theU.S.fleetduringthestudyperiod,butnot for theextrapolationsto theentire
fleet or to annual capture frequency. This was because we did not have the individual set obser-
vations with which to quantify variance innsets, except in the case of U.S. tuna vessels. It may
have been possible to make the assumption that  with the same proportion-
ality constantfor boththeU.S.andinternationalfleets,andto estimatethevariancein nsetsfor the
international fleet by rescaling corresponding estimates for the U.S. fleet. This simple rescaling
wouldhavebeensufficientif wehadjustbeenestimatingNsets, but it couldnotbeextendedto the
more complex bootstrap framework for our estimate for capture frequency.

Wenotethatthestudyperiodwasonly four monthslongeachyear,andpartial“censoring”(i.e.
considering only those sets that occurred during the study period) affected a significant percent-
age of trips. On the other hand, censoring was a relatively minor effect when considering the
entirefive yearperiodin makingannualestimates.Thus,theestimatesof Nsetsfor thetwo differ-
entperiodsreallycomefrom differentpopulationsof fishingtrips. Thisdoesnotcauseaproblem
because, as pointed out above, the estimate ofNsets is based on an implicit estimate for the mean
number of target sets per trip, and the definition of “target set” simply changes for the two differ-
ent periods.

5.8  Conclusions
The results of this study indicate that tuna purse-seiners in the ETP fishing on northeastern off-

shore spotted dolphins do indeed have a strong preference for setting on larger than average dol-
phin schools, and that such schools were subject to being set on at a much higher rate than were
smaller schools. Specifically, the largest schools considered, those of 1000 animals, were esti-
mated to be set on approximately once every ten days, while the smallest schools considered,
those of 100 animals, were estimated set on less than once a year. Our estimated capture rates
should be taken as averages for a given school size, and do not account for variation due to other
factors such as geographic location. Also, while we estimated rates in terms of sets per year, we
do not assert that the short-term capture rate for a given school is constant, i.e. that sets occur at
evenly spaced intervals.

To draw conclusions about capture frequency for an individual dolphin, we must consider the
sizerangeof theschoolswith whichagivenindividual tendsto associate.Our resultsimply that
dolphinswhoassociateprimarily with largeschoolswill besubjectedto capturemuchmoreoften
thanindividualswhoassociateprimarily with smallschools.However,wealsoestimatedthatthe
largest schools are relatively rare, and account for a minority of the total number of individual
dolphins at any given time. These results may imply that a fixed but relatively small proportion
of the dolphin population was consistently subjected to a high rate of capture in purse-seine nets,

var nsets[ ] E nsets[ ]∝
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but that a majority of dolphins occur in schools smaller than those apparently preferred by purse-
seiners, and experience relatively few captures per year.

However, little is known about the spatial and temporal dynamics of dolphin schools and their
sizes,andotherconclusionsarepossible.If dolphinsassociatewith awiderangeof schoolsizes,
thenthecaptureratesfor individualdolphinswould tendto “averageout” andsowouldvary less
thantherangeof captureratesfor schools.Ontheotherhand,thereareotherfactorsaffectingthe
rateof capturefor aschool,suchasgeographiclocationor theamountof associatedtuna. Differ-
ences in these factors between schools could lead to short-term individual capture rates even
higher than our estimates because of the clustered distribution of fishing effort leading to fre-
quently repeated sets on the same school.

While quantifying these capture frequencies does not provide any direct measure of fishery-
related stress, we hope that the analysis may provide in the future at least a preliminary basis for
estimating stock-wide effects of (yet-to-be-measured) individual-based physiological stress
responses.
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Figure 1. Geographic stock boundaries for the northeastern offshore spotted dolphin
(Stenella attenuata). The stock is definedby the regionin the ETP north and eastof 5°N and
120°W, bounded at 28°N.  The two strata pictured are based on those defined by Holt et al.
(1987). The inshoreand middle strata have total areasof 4,544,000km2 and 2,019,000km2,
respectively.  Points represent on-effort sightings from the research vessels, 1986-90 and
1992-93.
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Figure 2. Distrib ution of estimated observed school sizes for northeastern offshore spotted
dolphins.  These data include observations from both strata.  The fitted lines are kernel
estimates of smooth densities for these observations.  Note the different x- and y-axis
scalings. (a) Research vessel sightings, 1986-90 and 1992-93. These data are the adjusted
mean estimates (see text, Section 3.2), and include on-effort sightings with perpendicular
distance < 5.5km. 8 observations > 800 not shown.  (b) Tuna vessel sets, 1986-90. 19
observations > 4000 not shown.
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Figure 3. Estimated effective strip halfwidth as a function of dolphin school size. These
maximum likelihood estimates are from the bivariate hazard rate line transect model as
discussed in the text, and are based on northeastern offshore spotted dolphin school
sightings from observers aboard NMFS research vessels during the months July to
December, 1986-90and 1992-92.Err or bars indicate plus or minus onestandard error, and
shouldnot beinterpretedasconfidenceintervals. The horizontal line at 5.5km indicatesthe
perpendicular truncation distance in the line transect model.
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Figure 4. Estimated capture frequency as a function of dolphin school size, for schools of
northeastern offshorespotteddolphins. The estimatesareof the averagenumber of timesa
school was set on each year by U.S. tuna purse-seiners, between 28 July and 10 December
(19.4 weeks), for the years 1986-90. Err or bars indicate plus or minus one standard error,
and should not be interpreted as confidence intervals.
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Figure 5. Estimated annual capture frequency as a function of dolphin school size, for
schoolsof northeastern offshorespotteddolphins. The estimatesareof the averagenumber
of times a school was set on each year by tuna vessels in the ETP purse-seine fleet, for the
years 1986-90. The lower curve shows the number of sets due to U.S. vessels only, and the
upper curveshowsthe number of setsdueto U.S.and non-U.S.vesselscombined. Estimates
of standard error were not possible for these estimates.
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Figure 6. Estimated proportion of northeastern offshore spotted dolphins subject to
differ ent levelsof capture fr equency. The horizontal axis representsa minimum number of
times set upon per year by U.S. and non-U.S. tuna vessels in the ETP purse-seine fleet, for
the years 1986-90. The vertical axis represents the estimated proportion of the stock (not
the proportion of schools) subject to at least that rate of being set upon.s is the minimum
school size accounting for that pr oportion.
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Figure 7. Crew’s school size estimate vs. observer’s best school size estimate for
northeastern offshore spotted dolphin schools set on by U.S. tuna purse seine vessels, 1986-
90. The setswereobservedby either NMFS- and IATTC-trained scientificobservers. Fitted
line is screw = 1.33* sobserver.
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Figure8. A cluster of eighteensetsmadeon northeastern offshorespotteddolphins by nine
U.S.-flag tuna purse seiners in the ETP in 1987. These sets occurred over three days, in an
areaapproximately 31nmi by 47nmi. The setswereobservedby either NMFS- and IATTC-
trained scientific observers. s is the observer’s estimated total school size.
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Figure9. A sequenceof fivesetsmadeon northeastern offshorespotteddolphins by a single
U.S.-flag tuna purse seiner in the ETP in 1989. These five sets occurred consecutively over
two days, in an area approximately 9nmi by 23nmi. The sets were observed by an IATTC-
trained scientific observer. s is the observer’s estimated total school size.
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